CD26/dipeptidyl peptidase IV contributes to tumor metastasis in human lung adenocarcinoma BJP Thompson et al., 2007; Hiramatsu et al., 2003) .
Introduction
Lung cancer is the leading cause of cancer deaths and the 5-year survival rate is less than 14% (Lee et al., 2012) . Metastasis of tumor cells to distant organs is the primary cause of lung cancer fatalities. Understanding the biological mechanism of metastasis is important for the development of new treatment strategies and for the identification of predictive metastatic markers. Growing evidence has identified CD26/ dipeptidyl peptidase IV (DPPIV) as a gene that affects the invasiveness of many tumor cells (Pang et al., 2010; Sun et al., 2008; Dourada et al., 2007; Wesley et al., 2005; Pro and Dang, 2004; Lefort and Blay, 2011) , but little is known about the role of CD26 during metastasis and invasion of human lung cancer. D26 has multiple biological functions and is expressed on a variety of cell types, including T lymphocytes, endothelial cells, and epithelial cells (Pro and Dang, Previously, we established a highly metastatic human lung adenocarcinoma cell line, SPC-A-1sci, that exhibits high CD26 expression and the EMT phenomenon (Jia et al., 2010) . In the present study, we transfected the lung adenocarcinoma cell lines SPC-A-1 and SPC-A-1sci with CD26 cDNA and shRNA to overexpress and inhibit CD26 expression, respectively. By using in vitro Matrigel invasion and metastasis assays, we found that CD26 inhibition significantly decreased the invasive and migratory capacity of transfected cells. In contrast, CD26 overexpression increased the invasive and migratory capacity of cells. Western blotting analysis revealed that CD26 overexpression lead to an increase in N-cadherin and vimentin, and the results were reversible. There was no visible change in the expression of -catenin and fibronectin in infected cells. A human lung adenocarcinoma tissue chip revealed a positive correlation between CD26 expression and degree of lung adenocarcinoma differentiation. Overall, we identified a positive effect of CD26 on metastasis and invasion in lung adenocarcinoma, and the human lung adenocarcinoma tissue chip indicated that CD26 might be associated with the differentiation of lung adenocarcinoma.
Materials and Methods

Cell lines and cell culture
Human lung adenocarcinoma SPC-A-1 cells were obtained from the Cellular Institute of Chinese Academy of Science (Shanghai, China). SPC-A-1sci cells were established in our lab by in vivo selection in NOD/ SCID mice (Jia et al., 2010) . The 293T cell line was purchased from the ATCC (American Type Culture Collection). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%fetal bovine serum (FBS, Biowest), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C in a CO2 humidified chamber.
Lentivirus packaging and cell infection
293T cells were maintained in DMEM supplemented with 10% FBS. The day before transfection, the cells were seeded in a 10 mm dish. The pLV-ORF-CD26 or pLV vector and pPACK Packaging Plasmid Mix (GeneCopoeia TM ) were co-transfected according to the manufacturer's instructions. The supernatant was harvested 48 hours after transfection, cleared by centrifugation at 3,000 rpm at room temperature for 10 min, and passed through a 0.45 m syringe filter. The viral titer was measured according to the expression level of GFP following the manufacturer's instructions. The packaged lentivirus was named LV-CD26 + and LV-NC.
The LV-shRNA-CD26 and LV-shRNA-NC were purchased from Shanghai GenePharma.
SPC-A-1 cells were infected with LV-CD26 + or LV-NC;
SPC-A-1sci cells were infected with LV-shRNA-CD26 and LV-shRNA-NC. The infection efficiency was assessed by visualizing GFP under a fluorescent microscope.
Real-time quantitative PCR
The following procedures were conducted as previously described (Jia et al., 2010) . Briefly, Trizol reagent (Invitrogen, US) was used to extract total RNA from cultured cells according to the manufacturer's instructtions. cDNA was reverse transcribed using the manufacturer's protocol, enzymes, and reagents (Takara, Japan). Real-time PCR was performed using 7300 Real-Time PCR system with SDS RQ Study software (Applied Biosystems, US). cDNA was amplified in a SYBR Green premix with Rox (Takara, Japan). The primers used for the quantitative PCR were as follows:
CD26 forward: 5'-CATACAAATCACTGCTCCTG-3'; CD26 reverse: 5'-GCCTAAATCTTCCAACCC-3'; -actin forward: 5'-AGTGTGACGTGGACATCCGCA-AAG-3'; -actin reverse: 5'-ATCCACATCTGCTGGAAGGTG-GAC-3'.
Gene expression was normalized to -actin. All reactions were run in triplicate.
Western blotting
All cells were washed 3 times with PBS, lysed in cell lysis buffer (20 mL of 5× loading buffer, 4 mL of 20× DTT, diluted in deionized water to 1×), and heated at 100°C for 10 min. The samples were resolved on an 8% SDS-PAGE gel and transferred onto a nitrocellulose membrane. The primary antibodies used for immunoblotting were as follows: Anti-CD26 (BD, US), anti-Ecadherin (Santa Cruz, US), anti-N-cadherin (Santa Cruz, US), anti-fibronectin (Abcam, US), anti--catenin (Abcam, US) and anti-vimentin (DAKO, Denmark). Anti-mouse HRP and anti-rabbit HRP (Sigma-Aldrich, US) were used as secondary antibodies. All protein samples were normalized to the endogenous protein,actin (Abcam, US).
In vitro proliferation assay
In all, 200 μL of SPC-A-1-CD26 + , SPC-A-1-NC (control), SPC-A-1sci-CD26 -, or SPC-A-1sci-NC (control) cells were seeded in a 96-well microtiter plate at 1 × 10 4 cells/mL. The cells were incubated for 1 to 7 days. Two hours prior to the end of incubation, 10 μL of CCK8 (Dojindo Corp, Shanghai, China) was added to each well. After the incubation, the optical density (OD) of each sample was measured at a wavelength of 450 nm and compared to the reference wavelength at 600 nm. All experiments were performed three times, and the average of the results was calculated.
In vitro colon formation assay
In all, 10 μL of SPC-A-1-CD26 + , SPC-A-1-NC, SPC-A-1sci-CD26 -, or SPC-A-1sci-NC cells were seeded in a 24well microtiter plate at a concentration of 1 × 10 4 cells/ mL and cultured at 37°C under 5%CO2 for two weeks. The wells were washed with PBS and stained with crystal violet. The resulting colonies were photographed from three random fields per well; images were obtained from three experimental replicates, and the number of colonies was counted.
In vitro migration and invasion assay
Assays were per-formed using 8 μm pore Transwell chambers (Corning) as described previously with slight modifications (Baumann et al., 2005) . Briefly, cells were seeded at 25,000 cells per well into Transwell chambers for migration assays or at 50,000 cells per well into matrigel-coated Transwell chambers for invasion assays. The wells were washed with PBS after 16 hours for migration assays or after 24 hours for invasion assays. Cells that remained in the upper chamber were removed with a cotton swab, and the entire chamber was fixed and stained with crystal violet. Migrated cells were counted using a CKX41 microscope (Olympus, Japan). Images from three random fields from three replicate wells were obtained.
Immunohistochemistry
Human lung adenocarcinoma tissue samples were obtained from patients following informed consent according to a protocol approved by the Ethics Committee of Shanghai Jiao-Tong University School. Matched pairs of lung adenocarcinoma tissues and matched adjacent noncancerous tissues were used to generate the tissue microarray (Shanghai Biochip Co., Ltd. China), as previously described (Kononen et al., 1998) . There were 204 lung adenocarcinoma tissues and matched adjacent noncancerous tissues in the tissue microarray. The 102 lung adenocarcinoma tissues were classified as follows: highly differentiated tissue (n=11), mid-range differentiated tissue (n=47), poorly differentiated tissue (n=44). Immunohistochemical staining was performed to detect CD26 expression in lung adenocarcinoma tissues and the matched non-cancerous tissues. The primary antibody against CD26 was obtained from Abcam (1:200). The percentage of positive cells that were stained was scored as follows: less than 5% was given a score of 0, 5-24% was given a score of 1, 25 -49% was given a score of 2, 50-74% was given a score of 3, and more than 74% was given a score of 4.
Statistical analysis
The results are presented as the mean ± SD. Comparisons of quantitative data between two groups were analyzed by Student's t-test (two-tailed; p<0.05 was considered significant). A χ 2 test was used for categorical data when appropriate. Analysis was performed with SPSS 15.0 for Windows.
Results
Expression of CD26 in transfected lung cancer cells
Real-time PCR and Western blotting were conducted to determine CD26 expression levels in transfected lung cancer cells. The results showed that CD26 was expressed in SPC-A-1sci-NC and SPC-A-1-CD26 + cell lines ( Figure 1 ).
CD26 inhibited cellular proliferation potential
Cell proliferation and colonization are prerequisites for tumor metastatic progression. Compared to the control population, the proliferative capacity of CD26 -cells was more aggressive, and CD26 + cells were less aggressive (Figure 2A SPC-A-1sci cells is due to the acquisition of other metastasis-promoting properties, and not due to a faster growth rate.
CD26 expression increased the cellular potential for migration and invasion
We next characterized other cellular properties that . Transwell invasion and migration assays with infected cells. For invasion assays (C), cells (1 × 10 5 /well) were seeded into Matrigel-coated Transwell plates and cultured for 24 hours at 37°C. For migration assays (D), cells (2.5 × 10 4 /well) were seeded into non-coated Transwell plates and cultured for 16 hours at 37°C. The cells that had invaded or migrated to the underside of the inserts were then stained with H and E, photographed (lower) and quantified (upper) at 400× magnification. All experiments were repeated three times. The results are expressed as the mean ± SD might be relevant to metastasis. Using a Transwell migration assay, we found that CD26 + cells were more mobile than CD26 -cells ( Figure 2D ). We also determined the invasive abilities of CD26 + and CD26 -cells using Transwell invasion assays, and significantly more CD26 + cells were found to invade the basal side of the membrane compared to CD26 -cells ( Figure 2C ). Therefore, CD26 + cells acquire an enhanced ability to migrate and invade, and these features may account for their highly metastatic behavior in vivo.
Association of CD26 expression with EMT
Loss of cell-cell interactions and the acquisition of migratory properties are characteristics often associated with epithelial-mesenchymal transition (EMT) of cells and tumor invasion (Yang and Weinberg, 2008) . Loss of E-cadherin-mediated cell-cell interaction is essential for EMT Peinado et al., 2004) . N-cadherin, a crucial mediator of homotypic and heterotypic cell-cell interactions, may play a central role in metastasis (Lammens et al., 2012) . Long been regarded as an oncogene, -catenin is critical for regulating cellular processes, including motility and invasion (Webb et al., 2012; Shen et al., 2011) . We therefore evaluated the expression of Ecadherin, N-cadherin, -catenin, and the E-cadherin repressors, fibronectin and vimentin, in CD26 + versus CD26 -cells using Western blotting (Figure 3) . Vimentin expression was upregulated in lysates of CD26 + cells compared to NC cells. A concomitant upregulation of E -cadherin and N-cadherin was observed in CD26 + cells. The expression of -catenin and fibronectin was unchanged in infected cells. These results suggest that the EMT-like attributes contribute to the invasive phenotype and metastatic capacity of the CD26 + cell lines.
Correlations between CD26 and clinicopathologic features
As shown in Table I , we detected and compared tissue CD26 protein levels from 102 patients with lung adenocarcinoma. Tissue CD26 levels were significantly higher in primary adenocarcinoma tissues compared to normal adjacent tissues (p<0.0001; Figure 4 ). Further analysis showed that CD26 levels were higher in patients who were 60 years of age and younger than in patients who were older than 60 (p<0.05). In addition, CD26 levels were higher in poorly differentiated lung adenocarcinoma tissues compared to highly differentiated samples (p<0.05). There was a trend indicating that the presence of distant metastasis correlated with the expression of CD26 (data not shown). With respect to clinicopathologic features, we found that high levels of CD26 correlated with age and histological grade in lung adenocarcinoma patients, indicating that CD26 plays an important role in lung adenocarcinoma.
Discussion
CD26/DPPIV is a serine-type exopeptidase that has several physiological functions in human cells. Previous studies on CD26 have yielded various results in different cancers. Preclinical studies have shown that increased CD26 expression inhibits metastasis in ovarian cancer (Kajiyama et al., 2010) and that the suppession of CD26 promotes metastasis in prostate cancer (Sun et al., 2008) . In contrast, the inhibition of CD26 in renal cell carcinoma decreases tumor growth and reduces the binding of cancer cells to fibronectin and collagen (Inamoto et al., 2006) . Clinical studies in thyroid cancer and gastrointestinal stromal tumors have suggested that CD26 expression is associated with distant metastasis or recurrence after resection (Yamaguchi et al., 2008) . The pleiotropic effects of CD26 may The staining was scored. Scoring was measured by the percentage of positive cells with the following staining intensities: less than 5% scored "0"; 5-24% scored "1"; 25-49% scored "2"; 50-74% scored "3"; and more than 74% scored "4"
Matched non-cancerous Lung cancer 20X 400X 20X 400X 20X 400X 1 score 2 score 3 score 4 score account for its varied roles in different cancers (Havre et al., 2008) . Further studies have shown that CD26 is a CSCs in colorectal cancer (Pang et al., 2010) .
We have successfully established a new human lung cancer cell line, SPC-A-1sci, that has a high metastatic potential and is susceptible to EMT (Jia et al., 2010) . A previous microarray study identified high CD26 expression in SPC-A-1sci cells compared to SPC-A-1 parental cells. To investigate the effect of CD26 on lung cancer metastasis, we generated four stably transfected cell lines in the current study: SPC-A-1-NC, SPC-A-1-CD26 + , SPC-A-1sci-NC and SPC-A-1sci-CD26 -. Proliferation assays showed that CD26 expression inhibited both the growth rate and colonization of cells, a finding that was also observed by B. Pro and Wesley UV et al. (Pro and Dang, 2004; Wesley et al., 2004) . The promotion of invasion and metastasis by CD26 was demonstrated by in vitro Transwell assays. Together, these results suggest that increased metastatic activity of CD26 + cells does not result from a faster growth rate but rather from the acquisition of other metastasispromoting properties.
Growing evidence suggests that EMT is a critical event in the progression of cancer metastasis (Aokage et al., 2011; Morra et al., 2012; Shih and Yang, 2011; Vuoriluoto et al., 2011; Xiao and He, 2010) and that SPC-A-1sci cells have been shown to undergo EMT. Moreover, EMT is a reversible program, and carcinoma cells that have acquired a mesenchymal phenotype can revert to an epithelial state via mesenchymal-epithelial transition (MET) (Chaffer et al., 2006; Wells et al., 2008) . In this study, we studied E-cadherin, N-cadherin, vimentin, fibronectin and -catenin as EMT/MET markers and correlated their expression with that of CD26. It is generally accepted that loss of E-cadherin mediated cell -cell adhesion precedes metastasis (Chao et al., 2010; von Burstin et al., 2009 ). Loss of E-cadherin is often accompanied by de novo N-cadherin expression thus promoting cell motility and migration (Lammens et al., 2012; Wells et al., 2008) . In addition, N-cadherin homophilic interactions between tumor cells and the surrounding tissue facilitate the migration and survival of tumor cells in distant organs. Fibronectin is an extracellular matrix glycoprotein that plays major roles in cellular differentiation, growth and migration and is involved in wound healing, embryonic development and oncogenic transformation (Ritzenthaler et al., 2008; Pankov and Yamada, 2002) . Furthermore, fibronectin is a mesenchymal marker, and its expression is positively correlated with EMT (Yang et al., 2004) . Fibronectin also mediates DPPIV adhesion and metastasis (Cheng et al., 2003) . Vimentin, a major constituent of the intermediate filament family of proteins, is expressed ubiquitously in normal mesenchymal cells. Vimentin overexpression in cancer correlates with accelerated tumor growth, invasion, and poor prognosis. In recent years, vimentin has been recognized as a marker for EMT (Vuoriluoto et al., 2011; Satelli and Li, 2011; Luo et al., 2012) . As a regulator of cadherin-mediated cell-cell adhesion,catenin plays an important role in EMT (Du et al., 2010; Yan et al., 2012; Sánchez-Tilló et al., 2011; Zhao et al., 2011) . We found that the high CD26 expression correlated with high N-cadherin and vimentin expression; this event was reversible and induced poorly metastatic cells to acquire morphological changes. Notably, there was no significant difference in the expression ofcatenin and fibronectin between SPC-A-1sci-CD26 -and NC cells or between SPC-A-1-CD26 + and NC cells. Contrary to previous studies, we found that E-cadherin was upregulated by high CD26 expression. Usually during EMT, E-cadherin is downregulated while Ncadherin is up-regulated. However, we found that both E-cadherin and N-cadherin were up-regulated, suggesting that infected cells underwent an incomplete EMT, resulting in no morphological changes.
CD26 expression has been associated with lung cancer growth (Pro and Dang, 2004; Wesley et al., 2004) . We used a lung adenocarcinoma tissue chip to determine whether there was a correlation between CD26 levels and the observed clinicopathological characteristics in lung adenocarcinoma tissues. The immunohistochemistry results showed that CD26 levels correlated with patient age and tumor histological grade, indicating that younger patients were more prone to having poorly differentiated lung adenocarcinoma and that CD26 plays an important role in this pathology.
Conclusion
CD26 can promote lung adenocarcinoma cell invasion and metastasis while also impacting the expression of the EMT-related proteins, N-cadherin and vimentin. In addition, the results suggest that CD26 is a putative factor in promoting primary lung adenocarcinoma invasion and metastasis, and is a potential prognostic marker in lung adenocarcinoma patients.
